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Abstract 
Titanium structural components for the aircraft industry are usually manufactured from ingots of primary material. The process chain for the 
fabrication of these components consists of the production of titanium sponge, the melting process, the forging process and the milling process. 
High chip removal rates from up to 95% due to the milling process and a high energy demand in producing the titanium sponge of about 85% of 
the overall energy consumption characterize the process chain. This obviously leads to a high optimization potential under monetary and energetic 
aspects. Recycling titanium chips for the ingot production could help to dramatically improve the overall production process in terms of ecological 
aspects. However, process-induced contaminations of the chips prevent the use of high amounts of these in the melting procedure. Macroscopic 
impurities like residues of cooling lubricant can be removed in a complex cleaning process. Yet, contaminations like oxidization cannot be 
eliminated, hence only a small amount of titanium chips is usable in the melting process to achieve the required purity of the titanium alloy.  
This paper describes a novel method to decrease the energy consumption in fabricating titanium products. By reducing process-induced 
contaminations, the amount of titanium chips usable in the melting process can be significantly increased and consequently the necessary quantity 
of titanium sponge reduced. The described method contains the investigation of relevant influencing factors like the impact of tool and cooling 
concept on chip quality or manufacturing costs. The research of cause-effect relationships identifies the trade-off between ecological and 
economic targets. A mathematical description of this relationship is implemented within a simulation environment to find an optimum between 
ecological and economic targets. The paper describes this approach with samples of the titanium alloy Ti6Al4V. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of the “New Production Technologies in Aerospace Industry” 
conference. 
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1. Introduction 
During the past years, titanium has become a significant raw 
material for the aerospace industry. The aircraft manufacturer 
Airbus has forecast an increase of the worldwide fleet of civil 
passengers and cargo aircrafts from 18.640 in 2013 to 37.463 
until 2033 [1]. Modern aircrafts are designed to achieve high 
energy efficiency during the operating phase. This is realized 
by using lightweight constructions to reduce the total weight of 
an aircraft. The supporting structural components are designed 
to minimize the components thickness by maximizing the 
rigidity. To meet the requirements carbon-fiber composites 
(CFC) are used to a high degree. Simultaneously, the amount of 
titanium for aircraft components has increased significantly. 
The advantageous characteristic (corrosion resistance) of 
titanium in combination with CFC has increased its proportion 
in aircrafts up to 15 % of the overall weight [2]. Such structural 
components consist of complex shapes and can reach a length 
of 4 m with a thickness of only 2 mm. They are manufactured 
cost-intensively from hammer-forged semi-finished products, 
which leads to high material removal rates up to 95 % and high 
demands on milling processes (tool life, thermal conductivity). 
Process-induced contaminations (oxidation, cooling lubricant) 
of the residual material like titanium chips minimize their value 
to approximately 5 % of the raw material, because a re-use in 
the aerospace industry is under monetary efforts not reasonable. 
Consequently, the total amount of the titanium alloy has to be 
produced out of primary material, like titanium sponge. 
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Concerning energy consumption, the production of titanium 
sponge already needs approximately 80 % of the overall energy 
demand [3-5]. Within the research project “Return” there are 
technologies and methods to be developed to increase the 
quality of arising titanium chips to a recyclable degree. For the 
realization, it is necessary to evaluate the actual technologies as 
well as the newly developed technologies. Therefore, a novel 
method for a holistic design and optimization of closed material 
cycles for titanium will be described in this paper.  
2.  State of the Art  
There are multiple different methods to evaluate and 
optimize manufacturing process chains. Based on the 
Collaborative Research Centre 361 „Models and Methods for 
an integrated product and process design“ a method has been 
developed to integrate an early planning of manufacturing 
technology during the product development phase. Under 
consideration of cause-effect-relationships each technology is 
adjusted to the requirements of the previous and the following 
process while generating the technology chain [6, 7]. Warnecke 
and Aurich have developed an approach to meet the 
requirements of manufacturing systems concerning flexibility 
[8-11]. By using process modules, the internal and external 
flexibility of process systems can be increased. A quality-
oriented approach to design and optimize process chains is 
addressed in the scientific work of Monostori and Viharos [12]. 
Next to single processes or technologies, the approach takes 
into account complete technology chains including 
interdependencies based on process and process chain models. 
Schuh provides a generic model to characterize technologies 
with the purpose to generate manufacturing sequences under 
economic aspects [13]. In addition to single technologies, 
cause-effect-relationships between processes are included. By 
taking given constraints into consideration, an optimal 
connection of manufacturing technologies concerning specific 
production tasks can be achieved. A simulation-based design of 
technological interdependencies within the process chain of 
forged components has been performed and transferred using 
the example of grinding crankshafts [14, 15]. In addition, an 
integrative design of process chains of forged components has 
been accomplished by using a genetic algorithm [16].  
The presented methods have been developed to meet 
problem-specific manufacturing challenges and cannot easily 
be adapted to a general application area. Furthermore, the 
design and optimization focuses on open-loop process and 
technology chains. In order to address the given approach to 
design and optimize closed-loop material cycles, further 
requirements in modelling cause-effect-relationships and 
holistic approaches must be taken into consideration.  
3. Approach for a holistic design of closed material cycles 
The following approach for a holistic design and 
optimization of closed-loops material cycles consists of four 
steps (Fig. 1). Based on a process chain analysis concerning  
manufacturing structure and its influencing variables a 
mathematical description and connection of cause-effect-
relationships over all processes follows. Afterwards, structure 
and process models are transferred into a simulation 
environment to identify the optimal combination of parameters 
regarding specific target figures. Additionally, deviations from 
the real process chain and its behavior become obvious, which 
make iterative repetitions necessary to adjust the simulation 
performance and therefore to increase the accuracy of 
simulation-based results.  
 
3.1 Analysis of Process Chain 
 
The first stage is the analysis of a process chain. The analysis 
consists of the sub-steps “Structure” and “Cause-Effect 
Variables”. In conformity to the methodology from Brandes 
[17], the process chain structure is analyzed on different levels 
of detail. On a general level, all necessary production processes 
are investigated from the primary production of the material to 
the finished product. Afterwards the processes are divided 
individually into their sub-elements, which could be milling or 
turning within the machining processes. Then the identified 
process elements are differentiated further into single processes 
(e.g. machine cleaning within the equip process). Each process 
contains information about input and output variables (e.g. 
energy consumption). To obtain more detailed information 
about single parameters and therefore increase the accuracy of 
the results it is necessary to extend the approach to another level 
of detail (Fig. 2). Thus, each process can be described more 
specifically to identify relevant influencing factors. That can be 
achieved by using the method material flow analysis [18]. 
Consequently, the following factors can be taken into 
consideration for a holistic design and optimization of process 
chains: 
 
x Technology (Turning, Grinding) 
x Raw Material (Material, Rigidity) 
x Operating Materials (Tools, Cooling) 
x Auxiliary Materials (Packaging, Additives) 
x Residual Materials (Rejects, Chips) 
  
Figure 1: Method for a holistic design and optimization of process chains 
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With: fz feed per tooth 
 z number of tooth 
 vc cutting speed 
 ae cutting width 
 ap cutting depth 
 D tool diameter 
 
The recycling quote depends on the difference in oxygen 
content of titanium chips and the target oxygen content of the 
titanium ingot.  
 
ܳݑ݋ݐ݁ ൌ ܱ஻௔௦௜௖ െ ௌܱ௣௢௡௚௘Ȁ஺ாܱ஼௛௜௣௦ െ ௌܱ௣௢௡௚௘Ȁ஺ா ሺ͵ሻ 
 
With:  OBasic  oxygen content titanium ingot 
OSponge /AE oxygen content titanium sponge/ 
alloying elements 
OChips  oxygen content titanium chips 
Thus, the cutting speed is one decisive factor connecting 
processing time, chip contamination and recycling quote (Fig. 
5). In the final step, the generic process models are combined 
with each other in view of previously defined target figures. 
Afterwards, the models are implemented in a simulation 
environment. Hence, the process alternatives can be changed 
automatically. By changing the cutting speed, the impact on 
energy consumption and production costs can be observed. The 
calculation of production costs takes into account that the 
varietal purity of the titanium chips is secured which 
approximately doubles the proceeds of a sale. Further on the 
simulated values are compared to the state of the art of a 
reference process within the titanium structural component 
manufacturing (Fig. 6). By reducing the cutting speed from 40 
m/min to 20 m/min, the chip quality can be improved 
significantly. Therefore, using titanium chips instead of 
titanium sponge the overall energy consumption of the 
manufacturing process can be reduced by up to 80 %. For the 
manufacturing of one structural component that sums up to an 
energy saving of 57.348 kWh and a reduction of emitted carbon 
dioxide of 32.058 kg. At the same time, the production costs are 
not affected significantly.  
4. Summary and Outlook 
The presented approach shows how identifying relevant 
influencing factors on a very detailed process level and taking 
cause-effect relations between processes and process elements 
over the process chain into consideration can be used to close 
the material cycle for titanium. The value of a simulation-based 
method for evaluation and tools, which take interactions into 
account in order to improve the resource efficiency of 
manufacturing processes among different alternatives, have 
been shown. The definition of a process chain serves as a basic 
framework for the transfer of a holistic design and optimization 
of manufacturing processes. 
Applying the approach to the production process of titanium 
structural components, it is noticeable that some elements of 
the milling process (tool, process parameter) influence the 
component and the chip quality at the same time. A high chip 
Figure 6: Energetic and monetary potential of titanium chip recycling 
Figure 5: Interdependencies between influencing and target figures  
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quality has an effect on the recycling process and therefore on 
the energy and resource consumption of the ingot production 
due to the substitution of titanium sponge. Moreover, changes 
in monetary aspects because of variations in processing time or 
production costs will become evident.  
In the following project progression, the method will be 
used and validated further in cooperation with a manufacturer 
of titanium structural components, as well as a manufacturer of 
titanium semi-finished products to ensure the general validity 
of the concept. The identified manufacturing technologies and 
their interdependencies will be evaluated using the material 
flow simulation in terms of resulting production costs and 
energy consumption. 
Furthermore, different manufacturing alternatives, like 
cryogenic cooling, will be analyzed to improve the chip quality 
and reduce the complexity of the recycling process as well as 
additional criteria like the influence of tool wear on the chip 
quality will be taken into account. The benefit has to be 
compared to the effort of integrating the technology in a 
manufacturing process.  
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